Background-Sudden death mostly follows from cardiac disorders that elicit lethal ventricular arrhythmias. In young individuals, it often remains unexplained because history and/or postmortem analysis are absent or provide no clue. Because such sudden unexplained deaths (SUDs) may have heritable causes, cardiological and genetic assessment of surviving relatives of SUD victims may reveal the underlying disease and unmask presymptomatic carriers. We aimed to establish the diagnostic yield of such assessments. Methods and Results-We investigated 43 consecutive families with Ն1 SUD victim who died at Յ40 years of age. All studied relatives underwent resting/exercise ECG and Doppler echocardiography. Molecular genetic analysis was conducted to confirm the diagnosis. We identified an inherited disease and likely cause of death in 17 of 43 families (40%). Twelve families had primary electrical disease: catecholaminergic polymorphic ventricular tachycardia (5 families), long-QT syndrome (4 families), Brugada syndrome (2 families), and long-QT/Brugada syndrome (1 family). Furthermore, we found arrhythmogenic right ventricular cardiomyopathy (3 families), hypertrophic cardiomyopathy (1 family), and familial hypercholesterolemia (1 family). Molecular genetic analysis provided confirmation in 10 families. Finding the diagnosis was more likely when more relatives were examined and in families with Ն2 SUD victims Յ40 years of age. The resting/exercise ECG had a high diagnostic yield. These efforts unmasked 151 presymptomatic disease carriers (8.9 per family). 
S
udden death is caused mostly by structural cardiac disorders that ultimately result in lethal ventricular arrhythmias. [1] [2] [3] [4] It accounts for up to 400 000 deaths annually in the United States and is responsible for 50% of mortality from cardiovascular disease. In individuals Ͼ40 years of age, coronary artery disease is by far the most prevalent cause. In younger individuals, various other causes are predominant. Although postmortem studies indicate that an estimated 60% to 75% of these young victims die of potentially inherited diseases, 3, 4 many sudden death cases remain unexplained in clinical practice. Unexplained deaths occur in patients with no relevant medical history in whom postmortem analysis is not conducted and in the sizeable proportion of patients in whom detailed postmortem studies fail to provide a diagnosis. 2, 3 These sudden unexplained death (SUD) cases pose a serious dilemma because the potential heritability of the underlying diseases puts surviving relatives at risk of sudden death. Although this confers clear urgency to the timely identification of the underlying disease (to design preventive treatment), the heritability of SUD may also be exploited. Given their usual autosomal dominant mode of inheritance, the underlying diseases may be identified by cardiological workup in surviving relatives of SUD victims, even when no clues can be obtained from the history or postmortem analysis of the deceased. Conversely, this analysis may unmask affected surviving relatives in whom the disease had remained unrecognized. These efforts may be particularly aided by molecular genetic analysis. Recent studies have not only enhanced our insights into inherited traits that increase the susceptibility to life-threatening arrhythmias and sudden death in the presence or absence of structural heart disease but also greatly boosted our abilities to recognize them through cardiological assessment. [5] [6] [7] [8] [9] [10] [11] Importantly, these studies have raised our awareness of these disorders and have provided strong impetus to our efforts to reveal them.
The primary aim of this study was to analyze the diagnostic yield of examination of surviving relatives of SUD victims. A rigorous and extensive cardiological evaluation, one that used routine diagnostic tests (ECG at rest, exercise, or during flecainide challenge and echocardiogram), enabled us to identify the underlying disease in 17 of 43 families (40%). The diagnosis was more likely to be made in families in which more surviving relatives were examined and in those with Ն2 SUD victims who were Յ40 years of age. The ECG has a high diagnostic yield. Our secondary aim was to analyze how many disease-carrying relatives are identified presymptomatically by these efforts. Aided by molecular genetic analysis, delineation of the familial disease in the 17 families resulted in the identification of 151 affected surviving relatives (8.9 per family).
Methods

Definitions
SUD
SUD was defined as death in a person with no family history of known heart disease that occurred suddenly (1 hour after complaints or within 12 hours of the victim being seen alive) and was unexplained because a relevant documented medical history (eg, syncope, seizures, palpitations) and antemortem cardiological tests (eg, ECG) were absent and detailed postmortem macroscopic and microscopic examinations of the heart and its vessels either were not performed or were performed but initially did not provide an explanation.
Diagnosis
A diagnosis was established when generally accepted clinical criteria for a particular disease were fulfilled (Table 1) , [5] [6] [7] [8] [9] [10] [11] even if molecular genetic analysis, when performed, revealed no mutations.
Proband
The proband was the first surviving relative to be studied and the person through whom the pedigree was identified.
Index SUD Victim
The SUD victim whose death prompted analysis of his/her family was considered the index SUD victim.
Study Aims
The primary aim of this study was to analyze the diagnostic yield of cardiological and genetic assessment of surviving relatives of SUD victims by establishing the proportion of families in whom the familial disease was identified. The secondary aim was to analyze how many disease-carrying relatives are identified.
Inclusion of Families and Surviving Relatives
We consecutively included all families (nϭ43) with Ն1 SUD victim who had died at Յ40 years of age who presented to our hospital from 1996 to 2003. These families presented initially to our hospital (nϭ28) or were referred from elsewhere (nϭ15) to our hospital, which is a tertiary referral center. Postmortem analysis was performed in 22 families. Overall, these families contained 67 SUD cases Յ40 years of age (51 in first-degree relatives of the proband, 16 in second-degree relatives) and 29 SUD cases Ͼ40 years of age (12 in first-degree relatives of the proband, 17 in second-degree relatives). To diagnose the familial disease, we studied 183 surviving relatives among these 43 families, including first-and second-degree relatives of the proband. After the familial disease was identified in 17 families, we studied another 150 surviving relatives from these families to unmask other presymptomatic disease carriers. Before screening, all relatives received the opportunity of informed choice after extensive genetic counseling that included discussions of potential advantages and disadvantages of presymptomatic screening, as we previously reported. 12 
Cardiological and Genetic Assessment
We assessed the circumstances (exercise/stress, rest) and age at which the lethal event and/or cardiac symptoms occurred in the index SUD cases and their surviving relatives. Cardiological examination of all surviving relatives included a 12-lead resting ECG, an exercise ECG, and Doppler echocardiography (Figure 1 ). When Brugada syndrome was suspected, we performed flecainide challenge. When arrythmogenic right ventricular cardiomyopathy (ARVC) was suspected, we performed cardiac MRI. These investigations sometimes prompted reanalysis of postmortem cardiac specimens or additional tests, eg, serum lipid profile analysis. In 16 of the 17 families in which a clinical diagnosis was made, molecular genetic analysis was conducted in surviving relatives (no postmortem molecular genetic analysis). This analysis used a candidate gene approach driven by history and cardiological workup. For instance, analysis of the ECG T-wave morphology and the circumstances of symptoms may point to the subtype of long-QT syndrome (LQTS). We have previously shown the efficacy of such an approach. 13 In ARVC, we screened the plakophilin-2 gene, given the reported high prevalence of mutations in subjects of western European descent. 14 We screened the whole gene in each disease except for catecholaminergic polymorphic ventricular tachycardia (CPVT); for CPVT, we screened only those domains of the RyR2 (ryanodine receptor) gene that are implicated in this disease. To support that all identified gene variants were disease-causing mutations, we used generally accepted criteria. Thus, at least 200 alleles obtained from subjects with the same ethnic background were also studied to rule out that the gene variants were polymorphisms. Furthermore, the gene variants always cosegregated with the expected phenotypes.
Statistical Analysis
Data are expressed as meanϮSD. Group comparisons were made with the Mann-Whitney test or the 2 test when appropriate. Statistical significance was defined as PϽ0.05.
Results
Diagnostic Yield and Heritability
We identified an inherited disease and likely cause of death of the SUD victim(s) in 17 of 43 families (40%) ( Figure 2 and Table 2 ). Most diagnoses (12 families) involved primary electrical disease, ie, disruptions in cardiac excitability in the absence of structural changes. Accordingly, the resting ECG, exercise ECG, or flecainide challenge revealed the diagnosis in 12 families: CPVT (5 families), LQTS (4 families), Brugada syndrome (2 families), and a mixed phenotype of LQTS and Brugada syndrome (1 family). Furthermore, the ECG raised the suspicion of ARVC in 1 other family; this suspicion was supported by cardiac MRI and subsequently confirmed by reanalysis of the cardiac postmortem specimens by a cardiovascular pathologist who was blinded to the ECG and cardiac MRI. In 2 other ARVC families, the diagnosis was made after direct reanalysis of the cardiac postmortem specimens (these patients were referrals from elsewhere). Echocardiography raised the suspicion of hypertrophic cardiomyopathy (HCM) in 1 family; this suspicion was confirmed by molecular genetic analysis. Serum lipid profile analysis fulfilled criteria for familial hypercholesterolemia in 1 family, thereby raising the likelihood of coronary atherosclerosis as the cause of death in the SUD victim.
Molecular genetic analysis confirmed the diagnosis in 10 families by revealing mutations in the causative genes. All CPVT families had a mutation in RyR2. Of the 4 LQTS families, 1 had a mutation in KCNQ1 (slow component of delayed rectifier potassium channel), whereas 1 had compound heterozygosity in KCNQ1 and SCN5A (cardiac sodium channel). In the remaining families, ion channel encoding genes involved in LQTS were screened, but mutations therein were not identified. Of the 2 Brugada syndrome families, 1 had a mutation in SCN5A, whereas SCN5A mutations were not found in the other. The family with LQTS/Brugada syndrome had an SCN5A mutation. In the HCM family, a mutation in TNNT2 (troponin T) was found.
In addition to the 17 families in which a diagnosis was established, 4 families in which no diagnosis was found probably also had an underlying inherited disease, given that Ն2 first-degree relatives of the proband had died at Յ40 years of age.
Clinical Determinants of Likelihood of Establishing a Diagnosis
We analyzed which clinical variables may be useful for predicting the likelihood of establishing a diagnosis (Table 3 ). The number of investigated relatives was significantly larger in the families in which a diagnosis was established than in those without a diagnosis (6.1Ϯ3.2 versus 3.1Ϯ2.8; Life-threatening ventricular tachycardia or ventricular fibrillation occurring during emotional or physical stress in the absence of structural heart disease or identifiable precipitating factors. Ventricular tachycardia may have a polymorphic appearance or may be a bidirectional ventricular tachycardia that resembles tachyarrhythmias associated with digitalis toxicity. These ventricular tachyarrhythmias are typically induced during exercise testing.
Inherited LQTS (data derived from Reference 6) Scoring system based on 1. ECG findings: QT prolongation; torsade de pointes ventricular tachycardia; T wave alternans; T wave morphology.
2. Clinical history: syncope; congenital deafness.
3. Family history: family members with definite LQTS; SUD at Ͻ30 y of age among immediate family members.
Brugada syndrome (data derived from Reference 7)
Type 1 ST-segment elevation (coved type, J-wave amplitude Ն2 mm, negative T wave, gradually descending terminal ST segment) in Ͼ1 right precordial lead (V1-V3), and 1 of the following: documented ventricular fibrillation, self-terminating polymorphic ventricular tachycardia, family history of sudden cardiac death at Ͻ45 years of age, coved-type ECG in family members, inducibility during electrophysiological study, syncope, nocturnal agonal respiration.
Type 2 ST-segment elevation (saddleback type, J-wave amplitude Ն2 mm, positive or biphasic T wave, Ն1-mm elevated terminal ST segment) in Ͼ1 right precordial lead at baseline with conversion to type 1 after challenge with a sodium channel blocker. Familial hypercholesterolemia (data derived from Reference 11)
Required minimum serum levels of total cholesterol (LDL cholesterol) as follows: 
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Pϭ0.001). Furthermore, the proportion of families with Ն2 SUD victims Յ40 years of age was larger among families with than among those without a diagnosis (11 of 17 versus 7 of 26; Pϭ0.014). The youngest age at which SUD had occurred or the presence of a very young (Յ30 or Յ20 years of age) SUD victim were not predictive of the likelihood of establishing a diagnosis in a family. The circumstances under which an SUD occurred were also analyzed. Although a diagnosis tended to be more likely to be established when SUD occurred at stress/exercise than at rest, this difference did not reach statistical significance. Finally, given that most diagnoses involved primary electrical disease in which structural derangements are absent, we studied whether finding a diagnosis was more likely in families in which postmortem analysis was conducted (but, by the SUD definition, negative). However, diagnoses were made in equal proportions in families with or without postmortem analysis (10 of 17 versus 12 of 26; Pϭ0.4).
Identification of Disease-Carrying Relatives
Our secondary aim was to study the number of surviving relatives who were identified as disease carriers; they had previously remained unrecognized as being affected. Identification of the underlying disease in these individuals allowed timely treatment to prevent potential sudden death. Among the 17 families in which a diagnosis was made, 102 surviving relatives were studied up to the time of establishment of the diagnosis. Forty-seven individuals were affected. This was verified by carriership of the causative mutation in 35. After the diagnosis was established, 150 more surviving relatives were screened; this screening yielded another 104 affected subjects (103 mutation carriers). Thus, overall, we unmasked 151 affected surviving relatives (138 mutation carriers) who were at risk of sudden death (8.9 per family).
Discussion
We found that cardiological and genetic examination in surviving relatives of young (Յ40 years of age) SUD victims reveals an underlying inherited disease and probable cause of death in as many as 40% of families. This is particularly likely in families in which Ն2 SUD cases at age Յ40 years have occurred. The likelihood of establishing the diagnosis is also enhanced when efforts are made to examine as many first-and second-degree relatives as possible. The ECG (at rest/exercise or during flecainide challenge) has a high diagnostic yield. These efforts unmask a large number of affected surviving relatives, who were previously unrecog- nized as disease carriers, thereby allowing timely treatment to prevent sudden death.
Heritability of SUD and Cardiological Assessment of Surviving Relatives
The high proportion of families (40%) in which a diagnosis was made approaches the estimated prevalence of heritable causes of sudden death in young individuals. 3, 4 It is likely that future discoveries of other diseases will increase this proportion. For instance, in 1 ARVC family, the initial postmortem analysis could not have identified ARVC because it had taken place in 1977, well before the recognition of this disease entity in the 1980s. In this instance, the family was included through the index SUD victim who died in 2001. Subsequent 
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examination revealed that the postmortem analysis of the first-degree relative who sustained SUD in 1977 was the only analysis performed in this family. On reanalysis of these cardiac specimens in 2001, typical ARVC features were clearly recognized. Our high success rate in establishing a diagnosis highlights the importance of examining surviving relatives of SUD victims to reveal the underlying familial disease. This study provides the first comprehensive report on the diagnostic yield of this strategy. It extends previous findings of a 19% (6 of 32) success rate in extracting a diagnosis from studying relatives of the subgroup of SUD victims in whom postmortem analysis had failed to identify the cause of death. 15 We show that the diagnostic success of such an approach is not restricted to this SUD subgroup but relates to the SUD group as a whole, ie, including those in whom postmortem analysis was not performed (In the Netherlands, postmortem analysis in SUD is not mandatory). Of note, these efforts result in the identification of a large number of affected surviving relatives (8.9 per family) who were previously unrecognized as disease carriers but were also at risk of sudden death. Although the proportion of asymptomatic relatives who were identified as disease carriers is in accordance with the autosomal mode of inheritance of these diseases, it may appear surprisingly high because the fact that no clue about the diagnosis was initially present in the index SUD victims may suggest low disease penetrance. This high proportion may be explained in several ways. First, in most presymptomatic relatives, disease carriership was simply proved by mutation carriership. Second, the fact that death in the SUD victims was unexplained does not imply that disease penetrance was low but may stem from the fact that SUD victims had not sought medical attention. Indeed, although syncope before SUD was not previously documented, it was reported postmortem in 8 families (4 families with a diagnosis, 4 families without a diagnosis).
The high success rates in diagnosing families and unmasking affected surviving relatives clearly indicate that these efforts should be strongly advised. This is particularly true because most diagnoses in these families involve primary electrical disease. These disorders not only are highly amenable to treatment but also, if treated correctly, are associated with a virtually normal life expectancy, given that structural derangements are absent. Future studies must validate these expectations by providing follow-up of thus identified and appropriately treated presymptomatic disease carriers to establish how many lives were saved. This may entail analysis of the incidence of aborted sudden death from ventricular tachyarrhythmias by appropriate shocks of implantable cardioverter-defibrillators.
The high diagnostic yield of the ECG (resting, exercise, flecainide challenge) may have important practical implications. These tests, which are simple and routinely available, are ideally suited as initial screening methods. 16 
Growing Role for Molecular Genetics
We found molecular genetic analysis highly useful. First, although it was not required as proof of a diagnosis, it did increase the diagnostic yield in cases where the phenotype was not so prominent. For instance, the relatively rare involvement of the TNNT2 gene found in our HCM family is associated with a high incidence of malignant arrhythmias and sudden death but produces only mild structural derangements that may remain undetected by imaging techniques. 17 Thus, molecular genetic confirmation is highly supportive in this HCM type. Second, molecular genetics strongly facilitated the identification of other disease carriers in that family, particularly those who were presymptomatic.
Still, it is equally clear that efforts should be directed at further improvements in molecular genetics. Most importantly, more causative genes for particular diseases must be found. For instance, SCN5A is the only gene now known to be involved in Brugada syndrome, but mutations can be found in only 30% of patients at best. 18 Furthermore, molecular genetic diagnosis should improve its practicability. For example, the usefulness of RyR2 screening in clinical practice is currently limited because it is very time consuming with the present methods because RyR2 is the largest known ion channel encoding gene. Clearly, further improvements in molecular genetics require the concerted efforts of clinicians, geneticists, and basic scientists. Hence, examination of surviving relatives of SUD victims not only bears direct clinical significance (timely treatment of presymptomatic disease carriers) but also may serve as a model to shape future improvements in clinical practice at large.
Study Execution and Limitations
The primary aim of our study was to assess how effectively the causes of SUD can be extracted from analysis of surviving relatives in a real-world situation, ie, using routine cardiological examination in a clinical setting designed primarily for patient care. This study design carries inherent limitations. For instance, given the mode of recruitment of the families (more than one third were referred from other hospitals), it is conceivable that our success rate in establishing a diagnosis is an underestimation of the true potential of these efforts. Because our hospital is a tertiary referral center, we possibly attracted a sizeable proportion of patients who presented a diagnostic challenge, while the remaining patients may already have been diagnosed by the referring physicians. This may be particularly true for structural diseases such as HCM that usually are readily detectable by postmortem studies and echocardiography. It is conceivable that these diseases were already diagnosed by the referring physicians and therefore not referred to us. This may explain why we identified only 1 HCM family and why primary electrical diseases were predominant among our final diagnoses. Here, it should be emphasized that investigation of surviving relatives must be hypothesis driven if it is to be successful because clinical signs may be subtle. For instance, although CPVT patients have a normal baseline ECG and echocardiogram, history taking will reveal that their symptoms occur during exercise. Accordingly, exercise testing is a logical next step in the diagnostic workup and may typically reveal polymorphic ventricular tachycardia at fast heart rates. 5 However, even single ventricular premature beats during exercise may already be significant when the clinical suspicion is high. Thus, increased awareness and recognition of inherited causes of sudden death may raise the diagnostic yield of examination of surviving relatives. Clearly, referring physicians and the general public must also be made aware that these efforts are worthwhile as a result of their high yield because it is conceivable that referral bias has caused an underestimation of the true potential of these efforts. For instance, we may have examined only families and individuals who were highly motivated to undergo these studies; the proportion of inherited causes of sudden death may have been even higher among those who were not (self-)referred.
Conclusions
Examination of relatives of young SUD victims has such a high diagnostic and therapeutic yield that it should be strongly advised. Although rigorous cardiological evaluation is required, simple procedures (examining as many relative as possible) and routine tests (ECG at rest/exercise or during flecainide challenge) constitute excellent initial diagnostic strategies. Molecular genetics strongly contribute to the high diagnostic yield.
